Background: Quantitative proteomics is an emerging field that encompasses multiplexed measurement of many known proteins in groups of experimental samples in order to identify differences between groups. Antibody arrays are a novel technology that is increasingly being used for quantitative proteomics studies due to highly multiplexed content, scalability, matrix flexibility and economy of sample consumption. Key applications of antibody arrays in quantitative proteomics studies are identification of novel diagnostic assays, biomarker discovery in trials of new drugs, and validation of qualitative proteomics discoveries. These applications require performance benchmarking, standardization and specification.
Background
Traditional immunoassay platforms have very limited multiplexing capability and high sample volume requirement. The development and application of high throughput, multiplex immunoassays that measure hundreds of known proteins in complex biological matrices, is becoming a significant tool for quantitative proteomics studies, diagnostic discovery and biomarker-assisted drug development [reviewed in [1] [2] [3] [4] ]. Two broad categories of antibody microarray experimental formats have been described: [1] direct labelling, single antibody experiments, and [2] dual antibody, sandwich immunoassays [4] . In the direct labelling method, all proteins in a complex mixture are tagged, providing a means for detecting bound proteins following incubation on an antibody microarray. In the sandwich immunoassay format, proteins captured on an antibody microarray are detected by a cocktail of detection antibodies, each antibody matched to one of the spotted antibodies. In addition, a variety of microarray substrates have been described, including nylon membranes, plastic microwells, planar glass slides, gel-based arrays and beads in suspension arrays. Much effort has been expended in optimizing antibody attachment to the microarray substrate. Finally, various signal generation and signal enhancement strategies have been employed in antibody arrays, including colorimetry, radioactivity, fluorescence, chemiluminescence, quantum dots and other nanoparticles, enzyme-linked assays, resonance light scattering, tyramide signal amplification and rolling circle amplification. Each of these formats and procedures has distinct advantages and disadvantages, relating broadly to sensitivity, specificity, dynamic range, multiplexing capability, precision, throughput, and ease of use [1] [2] [3] [4] . In general, multiplexed microarray immunoassays are ambient analyte assays [5] . Given the heterogeneity of antibody array formats and procedures currently in use in proteomics studies, and the absence of a "gold standard", there exists an urgent need for development and adoption of standards that permit platform comparisons and benchmarking.
Unique, general considerations in assembling multiplexed immunoassays include: Requirements for elimination of assay cross-reactivity; configuration of multianalyte sensitivities; achievement of dynamic ranges appropriate for biological relevance when performed in diverse matrices and biological states; and optimization of reagent manufacturing and chip production to achieve acceptable reproducibility. In contrast to traditional monoplex enzyme-linked immunoassays, generally agreed specifications and standards for antibody microarrays have not yet been formulated. A number of recent articles have started to examine certain of these issues [3, 6, 7] .
Microarray immunoassays performed on planar glass slides and employing signal enhancement with rolling circle amplification (RCA), have been developed by several groups and have demonstrated usefulness in measurements of temporal and dose-dependent changes in a variety of immunological model systems and human diseases [ [1, 2, [8] [9] [10] [11] [12] [13] [14] [15] [16] ; Patel, D.D. et al. Submitted]. In general, these RCA microarray immunoassays have utilized indirect sandwich immunoassays featuring five steps (Figure 1 ): I. Analytes in an applied sample bind to capture antibodies immobilized on a silanized glass surface.
II. Applied secondary biotinylated detector antibodies bind to captured analytes, creating a highly specific immune complex.
III. Biotinylated detector antibodies bound to the immune complex are detected with a universal anti-biotin antibody. The latter is conjugated to primer oligonucleotides that are pre-annealed to a complementary circular oligonucleotide.
IV. DNA polymerase extends the 3' ends of primers around the circles, resulting in long, single stranded RCA products that remain attached to the complex.
The RCA product, composed of tandem DNA repeats complementary to the circle sequence, is detected by hybridization with cyanine 5 (Cy5)-labeled complementary oligonucleotides.
The present report describes initial development of standardized operating procedures, quality controls and standards for microarray immunoassays performed on planar glass slides using signal enhancement with RCA. These metrics have been tested for use in generation of data with adequate sensitivity, reproducibility and assay performance for biomarker discovery [ [12] [13] [14] 16] , Patel D.D et al., submitted]. Initial specifications and standards are also described for the addition of new analytes to antibody microarrays, which are needed to ensure that a high level of performance is maintained. While certain of these recommendations and standards are specific to RCA immunoassays, others represent generally applicable first generation standards for benchmarking antibody array platforms that enable interoperability of data generated in proteomics studies.
Results

Data Quality
To demonstrate the feasibility of using a multiplex immunoassay system to measure protein levels in complex biological matrices, the performance of dual-antibody, sandwich immunoassay arrays performed on planar glass slides with RCA signal enhancement was evaluated for specificity, sensitivity, reproducibility and accuracy using standardized titrations, spiked biological matrices and clinical samples. Array performance was evaluated based on ability to: measure analytes across a broad dynamic range at sufficiently low coefficients of variation (CVs); detect proteins at levels requisite to capture biologically relevant expression differences; confirm reliability of methods to normalize data to minimize platform imprecision and demonstrate the utility of generating standard curves to convert analyte MFI (mean fluorescence intensity) data into mass unit information.
Data Redaction
An advantage of arrays is the ability to measure each analyte multiple times, enhancing precision. Capture antibody spots were printed in quadruplicate on planar glass slides providing redundancy of individual analyte meas-urements. Data redaction was applied to raw immunoassay data to improve data quality by eliminating outlier data points. Outliers were identified by employing two subsequent statistical approaches in a step-wise manner.
First, the Bland-Altman plot was used. Bland-Altman plots are often used in DNA microarray analysis to identify differences and/or replicate outliers. This involves plotting the difference between the logarithm of intensities of two replicates (M) versus the average of logarithm of intensities (A) for each analyte within an individual array (see Material and Methods). Thus, there will be 6 MvA plots for each data set to reflect the 170 analytes positioned across 6 arrays. Each MvA plot will contain 3*Ns*Na points, where 3 reflects the number of possible unique pair wise combinations of the three replicates, Ns represents the number of samples and Na defines the number Schematic layout of antibody microarray slide and RCA immunoassay Figure 1 Schematic layout of antibody microarray slide and RCA immunoassay. At the far left is an illustration of the 1" × 3" slide platform containing sixteen individual sample wells with an etched barcode. Within each of the wells, a 16 × 16 configuration of printed capture antibodies is arrayed. Each of the capture antibodies is capable of binding analytes from applied samples and undergoing RCA signal amplification. Finally, the fluorescently labeled signal, detected through conventional laser scanning, is quantified. An example of raw data quality and outlier removal Figure 2 (panel a). This plot contains 3*150*37 = 16650 data points. The quadruplicate measurements within an arrayfor each anlayte are represented as a mean replicate value.. Lines represent 99% confidence intervals for individual data points. Data points outside of 99% confidence intervals are considered outliers. The quality and /or intensity of individual spots are manually investigated for each outlier by using proprietary visualization software, which allows examination of individual spot image/quality at every data processing step. Outliers are redacted by removing aberrant spots from the data set. The resulted MvA plot is shown on Figure 2 The second step of data reduction involves a linear correlation analysis. Pair-wise correlation analysis is done between all replicates of individual sample. Figure 3 shows the three scatter plots generated for the three replicates of a representative sample. The correlation coefficient (R 2 ) is examined for each plot. Each plot contains Na data points, where Na reflects the number of analytes. Plots with R 2 values <0.95 are examined to identify the cause of the poor correlation. We have identified two major sources of poor correlation: incorrect positioning of the capture grid during image quantitation and general aberrations in image spot quality. Assigning the specific source of low correlation is accomplished by tracing back to the image data. In the case of grid misplacement, suspect data images are re-quantified. Poor correlations due Pair wise scatter plots between three replicates of a sample Figure 3 Pair wise scatter plots between three replicates of a sample. Each replicate was assayed on a different slide. Solid lines represent linear regression fits. Regression equation is indicated within legend box along with the individual slide barcodes for this particular assay. R 2 value of the fit is indicated in the title. Both X and Y-axes indicate mean fluorescence signal Log 2 (MFI).
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to aberrant spot morphology/intensity are manually examined and removed from data set. If the R 2 value does not improve as a result of outlier removal, the replicate is redacted from the data set. The sample is considered passed if there are two replicates with R 2 >= 0.95. The pass rate is defined as the number of passed samples divided by the total number of samples. A run of an array is considered to be passed if 85% of the samples have two or more passed replicates.
In our experience, applying the MvA statistical approach first, followed by the linear correlation analysis is an efficient process to identify outliers without compromising data throughput. Since, MvA plots can be generated quickly, it allows for relatively fast redaction of significant outliers using an objective semi-automated approach. In contrast, the sample correlation analysis is considerably more labor intensive and currently requires manual investigation of each scatter plot with R 2 values < 0.95. This process reduces throughput of data redaction, particularly on large data sets. Table 1 shows the impact of using MvA plot analysis as a first step approach for outlier removal in a clinical project containing 106 samples. Each assay in Table 1 represents a single sample replicate, with a total possible number of assay points equal to 418 (106*3 = 418). The table reflects an assay count of 417 due to one sample having only two replicates due to a shortfall in sample volume. The correlation analysis performed on all sample replicates increased the pass rate by 8% following outlier removal. This improvement was due to the elimination of individual analyte replicates having a negative impact on total sample correlation derived from all analyte replicates within an array ( Table 1 ).
In general, for data sets with more than 40 samples, outlier removal only demonstrated small improvements in reducing average CVs across all samples. The most significant impact of outlier removal is on improving reproducibility across the three replicates of the individual samples. In our experience, outlier removal has been shown to reduce individual sample replicate CVs by 2-3 fold. This effect is directly related to improving sample correlation pass rates by by 10-20%.
Normalization
Many systematic factors can modify spot intensity during the process of measurement. Normalization is the process of reducing the effects of systematic variation on spot intensity. Normalization in DNA microarrays typically involves adjusting distributional summaries of data (mean, median) from each chip to common reference values. For example, one assumption could be that the average signal from each protein chip should be the same, as with DNA microarrays and the difference between replicate values is due to systematic variability in the measurement process. Unfortunately, the nature of protein antibody microarrays, configured with a multiplex of individual capture and detector antibodies, is more specialized and differentiated than that of a DNA microarray. Use of a single reference factor derived from a global value is not sufficiently refined to take into account the difference in platform configuration. In the current report, the organization of protein microarrays allows the measurement of up to 16 samples per slide (chip). This is very different from DNA microarrays where one chip represents the total collection of measured values for an individual sample.
To accommodate the differences inherent to the platform, we have applied a normalization strategy based on the three major sources of technical variability observed in our system. The first type of variability relates to spot-tospot differences observed between quadruplicate spots of the individual analytes printed within a sample well. The second level of variability can be described as the difference in measurements between wells within the same slide. The third element of variability represents the variability observed between sample wells compared across different slides. We found that slide-to-slide variability is the largest source of variation accounting for more than 70% of the total measurement imprecision (data not shown). Thus the goal of normalization is to reduce the imprecision of slide-to-slide measurement error since this represents the major source of platform variability.
Normalization is performed using a system of standard controls to reduce the effect of slide-to-slide variability. A series of four standard control samples (see "Anchor Point Calibrators" in Methods and Materials) are run in 4 wells of each slide. Each control sample represents a cocktail of the full repertoire of analytes for the given array tittered at 4 specific concentrations. The standards have been optimized at concentrations (12 pg/ml, 111 pg/ml, 333 pg/ml and 1000 pg/ml) to capture measurements across the linear range of detection for each analyte. The global average of total analyte signal for the four prepared controls is calculated across all slides run in a batch. An adjustment factor is created for each slide that reflects the difference between global intensity average for all slides and the individual intensity average based on the controls from the individual slide. The averaged pixel intensity of each spot on the slide is scaled by the adjustment factor.
As an example, the average value of the adjustment factor was evaluated across a batch of 33 slides and found to have a value of 1.33+/-0.47. The primary benefit of normalization was in reducing the replicate sample CVs. observed between the 3 replicate measurements for each of the 11 samples. The lower panel reveals the impact of normalization on reducing variability. Normalization typically reduced sample replicate CVs an average of 5% without producing rank order changes in analyte MFI.
Assessment of Platform Precision
A 15-point series of standardized titrations containing recombinant proteins diluted in buffer were used to evaluate platform precision. This assessment was used in the quality control of each slide lot prior to release, as well as within each client project to verify run-time analyte performance. Six replicates for each point were run in the quality control testing of each slide lot and six replicates of each point were run within each client study to generate standard curves. CVs were evaluated for each concentration of analyte across six slides. Average CVs were calculated for each analyte. Statistical summaries of CV distribution across all array 2 analytes using the standardized 15-point standard titration series are shown in Table  2 . The mean CVs of the control titration replicates were typically in the 10-15% range following normalization. Collectively evaluating mean, median and interquantile range CVs served to identify measurements significantly influenced by outlier values producing a skewed distribution. In general, CVs obtained for the quadruplicate within-well analyte measurements were 5-9% for the prepared controls. Replicate sample CVs obtained from biological samples tended to be somewhat higher than prepared controls with quadruplicate within well measurements at 10-15% post normalization and 20-25% average CVs for replicates samples positioned in wells across different slides. Table 3 reveals CVs obtained in a project containing 110 clinical serum samples run across the 6 arrays. Each sample was tested in triplicate generating 3 replicates measurements obtained from 3 different slides. The average CVs were 18%, 20%, 17%, 20%, 16% and 17 % for Arrays 1, 2, 3, 4, 5 and 6 respectively. The data reduction rate was less than 5% of all data points. This reduction rate is typical of what we have observed across more than 30 clinical projects.
Variance Decomposition
A variance decomposition analysis was performed to reveal the extent to which platform error influenced the ability to identify biomarkers. The variance component assigned to platform error was typically found to be an order of magnitude lower than the average inter-individual variation. Figure 5 reveals the contribution of platform error on the total variance observed in a given project for each analyte across array 1. These results indicated the system variability was sufficiently low to capture moderate expression level differences that were reflective of biological change.
Average lower limit of quantitation (LLQ)/ upper limit of quantitation (ULQ) values and analyte dynamic range
The left panel of Figure 6 shows a typical dose response curve of MFI (mean fluorescence intensity) versus analyte concentration, generated for a single analyte based on the 3 replicate measurements from the 15-point titration series containing a multiplex of recombinant analytes spiked into buffer at fixed concentrations. Each titration point was replicated across 3 control slides generating 3 replicate measurements. The vertical lines defined the LLQ and ULQ as well as the dynamic range of the individual analyte within a 30% CV of analyte concentration. The right panel of Figure 6 shows the corresponding clinical sample values obtained in the same run revealing the sample values that fell within, above and below the linear range of detection as defined by the standard titrations. Table 4 contains a summary of the average dynamic range obtained for the 170 analytes surveyed over 8 independent runs.
Performance assessment
A performance assessment of individual analytes was conducted to determine the utility of each analyte across multiple projects covering diverse disease areas. Each analyte was evaluated according to the percentage of clinical sam-ples that fell within (W), below (B) or above (A) the linear range of detection. (Tables 5,6 ,7,8,9,10) Analytes were considered to be detectable if the percentage of samples that fell in the W+A categories was greater than 50%. The projects surveyed across 8 independent studies containing over 1,000 clinical samples. The disease areas included rheumatoid arthritis, osteoarthritis, systemic lupus erythematosus (SLE), chronic obstructive pulmonary disease (COPD), asthma, diabetes and ovarian cancer. The average percentage of detectable analytes was 56% for array 1, 62% for array 2, 67% for array 3, 73% for array 4, 81% for array 5 and 85% for array 6 across the 8-project survey group. A limited number of analytes (<5%) revealed high endogenous concentrations, producing assay saturation where >90% of the measured samples fell above the linear range of detection. In most cases, this could be resolved by re-running a sample dilution or scanning at a lower gain. Although there were analytes that had detectable percentages below 50%, in many cases these reflected analytes that were only detected under upregulated conditions associated with specific disease states or conditions of drug induction, revealing value within specific disease or therapeutic areas. Tables 5,6 ,7,8,9,10 also reveal the average LLQ/ULQ values of the 170 analytes within a 30% CV of concentration obtained from the control titrations run in parallel with the clinical samples.
Validation of Array Performance
The development of an antibody array featuring 25-40 novel immunoassays requires extensive validation related to the comprehensive assessment of antibody cross reactivity, definition of analyte minimal detection limits (MDL) and establishing robust assay performance. Each antibody array must be validated for use with several matrices, since the latter may have different ambient analyte levels (and therefore, different ideal MDL) or crossreactivity profiles.
Analyte sensitivity
Analyte sensitivity was assessed to identify analytes lacking adequate performance for retention on an array. Additional experiments were performed to determine the endogenous levels of each analyte. For analytes without previously reported biological values, the "0 × n" assays indicated the approximate ambient analyte level. Testing across multiple biological matrices was required, since Here, the majority of tested points for IL-8 fell within the LLQ/ULQ dynamic range. different matrices affected the detection of analyte specific signals. The "0 × n" experiments also revealed the level of non-specific background which was influenced by the total concentration of antibody load in the detector mix. In our experience, certain plasma matrices were also more likely to generate high background when compared to matched serum samples. The impact of high generalized background is a reduced sample pass rate. When background was observed, the total detector antibody concentration could often be reduced to minimize background noise. Ultimately, a balance between reduction in background and enhancement of sensitivity was required to achieve maximal analyte performance in a mutiplex configuration.
Analyte cross reaction
The results of the 1 × (n-1) assays identified analytes that demonstrated cross-reaction between the captured analyte and the complex detector mix prepared without the cognate detector antibody. Binding between the spiked analyte and the cognate capture that generated signal, indicated a cross-reaction to one or more non-cognate detector antibodies contained within the complex mix. In cases where non-cognate detector signal was observed, an additional series of experiments were run with the corresponding analyte tested against each of the individual detectors to identify the cross-reacting detector antibody. Since cross reaction is an additive process, the outcome of the cross reaction assessment allowed for adjustments to be made to achieve a balance between maximizing content with multiplexed array specificity. The 0 × (n-1) assays were run to provide a baseline of MFI values to compare to the results obtained in the 1 × (n-1).
In addition, the 0 × (n-1) experiments also served to screen the various biological matrices for cross-reactivity with endogenous proteins.
Analyte performance under multiplexed conditions
Serum MDLs were typically found to be higher than buffer MDLs due to the presence of endogenous analyte, potential analyte-binding proteins present in the biological matrix and other possible matrix-related interferences.
The assay conditions used to stress test the system under conditions of high analyte load were designed to identify cross-reaction thresholds for each of the individual analytes. MFI cut off values were used to identify significant increases in non-cognate signal that warranted removal of a feature from the array. The results provide a certain utility in predicting array performance under conditions where sample analyte concentrations exceed reported biological levels. Examples might include patient samples tested under diseased states, elevated analytes produced in stimulated cell culture supernatants or in samples exhibiting a strong drug response. The final validation involved measuring the accuracy of the multiplex assay when challenged with a high concentration of analyte. Figure 7 shows the correlations of signal intensities obtained between (1 × n) compared to (n × n) experiments at 50x MDL levels. High R 2 values obtained between the two conditions provided a measurement of the accuracy of the multiplexed system.
Discussion
Thirty years of widespread use of conventional, monoplex immunoassays has established firm benchmarks for performance in protein measurement. In the present paper, we have examined several, unique but general considera-tions in assembling multiplexed immunoassays with performance similar to conventional monoplex immunoassays. These include development of a comprehensive validation program to identify and minimize antibody cross reaction under highly multiplexed conditions; application of standardized statistical approaches for data handling for highly replicated assays; inclusion of standardized samples in each run to normalize sample replicate measurements; quality control of reagents and antibody microarrays; implementation of real-time monitors to evaluate sensitivity, dynamic range and platform precision; and initial procedures for identification of specific, significant immunoassay results in biomarker discovery projects involving clinical samples. Each of these will be discussed briefly.
Requirement for a comprehensive array validation program
An array validation program represents the foundation of tests required to establish robust assay performance in a multiplexed environment. The most significant component in array validation is the comprehensive evaluation of cross reactivity. The vast majority of the ~5000 com- Feature MFI monly available antibody pairs available today have not previously been evaluated for cross reactivity in a multiplexed environment. Therefore, the recommended program should include procedures that identify analytes demonstrating cross reactivity with immobilized capture antibodies as well as cross reaction that might manifest between the secondary detector antibody with a non-cognate analyte or non-specific binding to an immobilized capture agent.
New array validation
The performance of analytes in a multiplexed configuration should be benchmarked against the baseline, monoplex performance. This multiplexed immunoassay comparison with baseline performance, together with minimal standards for multiplexed cross-reactivity, permits determination of the practical, optimal number of array elements that can be successfully combined. In our experience, using dual-antibody, sandwich immunoassays, planar glass slides and RCA signal amplification, protein micorarrays can generally accommodate multiplexing of 25-35 analytes without an appreciable drop in individual analyte sensitivity or performance. Specifically, we have described development of six differ-ent dual-antibody sandwich immunoassay arrays, each containing 25-37 sandwich immunoassays. Since cross reactivity is an additive process, the ultimate goal is to achieve a balance between maximal multiplexing and monoplex-like performance. With exhaustive selection for antibodies without cross-reactivity in multiplexed format, it is possible to multiplex 50 sandwich immunoassays. However, this exercise is very expensive. In our experience, suspension arrays, alternative microarray surface substrates and attachment chemistries do not offer significant advantages in multiplexing while maintaining performance. We have not evaluated the impact of novel, affinity ligands on multiplexing.
Additional array validation for cross-reactivity should include "stress-testing" under high analyte load to reflect conditions where analytes may be significantly overexpressed. In our experience, levels of induction of proteins in common biological matrices can be very large following drug administration or in disease states, and may induce cross-reactivity that is not observed in testing within normal biological analyte levels. Finally, array validation should be performed across all common sample matrices to examine effects on assay performance associated with endogenous analyte, matrix specific analyte binding proteins or other matrix-specific inhibitors. Absence of cross-reactivity for an immunoassay in one matrix does not always imply absence of cross-reactivity in others. The matrices for which the antibody microarrays described herein have been validated include isotonic buffers, serum, citrate plasma, heparin plasma, EDTA plasma, cell culture supernatants, amniotic fluid, sputum, and exhaled breath condensates. Several of the arrays have also been validated for use with ex vivo treated whole blood. EDTA plasma and ex vivo treated whole blood had higher levels of background signal and lower sample pass rates than other matrices.
Applying Standardized Approaches to Data Redaction
A significant advantage of array-based immunoassays is the ability to measure each analyte in a sample many times. Removal of outlier replicates is obligatory for microarray assays due to signal-related and morphologybased artefacts typically associated with dispersing small volumes of material on a solid substrate in a microarray format. Application of standardized statistical approaches for data redaction is superior to manual inspection and removal of outliers since operator-dependent subjectivity is minimized and throughput is greatly increased. The data redaction procedures described herein employed two, separate steps: Bland-Altman plots and linear correlation analysis. Bland-Altman plots were employed first and identified 99% confidence intervals for all collected data points. This enabled rapid identification and elimination of the outlying 1% of the data with minimal human intervention. This was determined to be an objective, reproducible redaction procedure that greatly reduced time and effort associated with the subsequent, second data redaction step of linear correlation analysis. Linear correlation analysis required performance of 3 replicate assays on each sample, and manual inspection of the series of 3 scatter plots generated from pair-wise correlations of these 3 sample replicates. Individual replicate points for each specific analyte that fell outside the R 2 > 0.95 range were eliminated. In order for data from sample replicates to pass and be admitted into the final data set, the overall sample replicate-to-replicate correlation for the 25-37 analytes of the array was required to have an R 2 > 0.95. Experience in multiplexed immunoassay measurements in samples across more than 30 research projects indicated the R 2 value >0.95 to be routinely achievable and associated with high quality replicate data. In each project, the data lost through these two sequential redaction procedures was typically less than 5% of the total original data. An additional quality metric to assess the overall run performance was that at least two of the three replicates must have passed for 85% of the total samples. Runs falling short of this metric were failed and subject to repeat. The typical run fail rate was less than 3%.
Within-Run Controls to Normalize Data
Within-run controls were employed to account for the effects of systematic variation in replicate measurements. Variation was identified at three levels based on the unique configuration of the 16 sample well microarray chip. The lowest level of variability was observed between the quadruplicate spots of an individual analyte measured within a single sample well. The next level of variation was described as the difference between replicate analyte values measured in different wells located within the same slide. The highest level of variation was associated with measurements taken from a single sample applied to multiple wells positioned across different slides within a run. Since slide-to-slide variation demonstrated the highest system variation, a series of four controls were designed to minimize the impact on sample replicate measurements. The four controls contained all analytes for that array at four concentrations spread across the dynamic range. The four controls were run on every slide within a project and used to generate a global average of total analyte signal. Based on the global average, each individual slide was assigned an adjustment factor to compensate for the slide specific intensity bias. The analyte signal from each individual slide could then be scaled by the adjustment factor to normalize the intensity values between the sample replicates positioned across different slides. In addition, it is possible to use a blocking experimental design, intentionally positioning sample replicates across different slides and different slide locations to eliminate the potential for a slide-specific or location-specific intensity bias. An example of the latter might have been the well at the corner of a slide. Replicate measurements in conjunction with a mechanism to normalize systemic variation results in the production of high quality data required for maximal sensitivity in the identification of significant differences between samples in multiplexed immunoassays. An additional benefit of inclusion of standardized controls run across all slides of every project is the ability to standardize data, for example in mass units, and enable data comparisons between runs, between days and between projects. Such comparisons are necessary when projects constitute large numbers of samples or when it is desired to create a relational database of assay results. Our platform described herein, for example, can perform triplicate measurements on up to 200 samples in a single run.
Stringent Quality Control of Reagents and Arrays
Quality control of approximately 1200 individual reagents is necessary in order to provide consistent performance of 170 immunoassays on the array platform described herein. These reagents, unfortunately, have widely different shelf life and storage conditions. Stringent quality control procedures specifying performance metrics associated with these reagents were required to achieve reproducible array performance across hundreds of slide lots and reagent sets. Each new lot of a given component was benchmarked to an earlier lot to verify performance. Analyte intensity, dose-response curve, LLD/ ULD absolute values, dynamic range and background signal were evaluated in fuctional tests performed on all assay components. Historical performance was monitored by comparing running averages obtained from earlier lots to prevent performance change over time. These procedures were made practical by assembling cocktails of reagents for each step in an assay, dispensing these in single-use aliquots, establishing optimal storage conditions and shelf life, and performing regular (typically weekly) quality checks on aliquots. Implementation of such procedures required use of a laboratory information management system.
Real-Time Monitors of Platform Performance
The utility of integrating real-time platform performance monitors cannot be understated. Given the complex nature and potential instability of biological reagents associated with a multiplex antibody array, it is critical have a program in place to evaluate performance beyond the quality control release. Real time monitors measure performance of controls under conditions identical to the test samples and reflect a second level verification of assay performance. Our test system employed a series of monitors to capture precision metrics that would create a flag to review the data if the specifications were not met. The requirements included mean coefficients of variation of assay values for controls be less than 15% and for sample replicates be less than 25% for project samples run within a batch. Failure to achieve these metrics indicated a problem related to the performance of the manufactured slides and/or reagents or a technical failure associated with sample handling or assay execution. 15-point standardized titrations were also performed on 6 slides in every run in order to captured detail related to analyte dynamic range, LLQ/ULQ values, dose response behaviour, and background signal that provided a comprehensive assessment of real time platform performance. The detail of the performance assessment was included in final reports for each project to verify data quality and generate confidence in the data generated from a highly complex assay. 
Evaluating the Utility of Multiplexed Immunoassays in Quantitative Proteomics
Evaluating data generated from multiplexed immunoassays for utility in systematic identification of significant differences between samples, or "biomarker discovery", is an important step in understanding the true platform performance. One of the procedures that revealed the sensitivity of the platform for biomarker discovery was variance decomposition analysis for each project. Variance decomposition analysis examines the magnitude of individual components of platform variation and how they compare to analyte variation between samples or individuals. In our experience the platform error of the system described herein was generally an order of magnitude lower than the heterogeneity observed between samples or individuals of the same test group.
The utility of this test is in revealing the extent to which platform error impacts the ability to discover moderate expression level differences between samples that are reflective of biological change. Platforms with lower precision will have less sensitivity for detection of relevant differences between samples and will discovery only a subset of the markers that would have been identified with a more precise system.
Finally, a global performance assessment should be performed across multiple projects covering diverse disease areas to gain a solid understanding of the platform utility. An evaluation of this type can be used to identify assays that will not identify differences in expression between samples because they are not sufficiently sensitive, unable to generate sufficient dynamic range given the window of expression, or reveal high endogenous abundance producing assay saturation artefacts. In addition, specific assays that have appropriate sensitivity and dynamic range may be constitutively expressed and therefore poor biomarker candidate analytes for certain disease or treatment effect studies. This analysis may be used to direct efforts to continue to optimize the survey platform in order to generate the highest value in identifying biomarkers using a quantitative proteomic approach.
Conclusions
Protein microarrays offer the ability to simultaneously survey multiple protein markers in an effort to develop expression profile changes across multiple protein analytes for potential use in diagnosis, prognosis, and measurement of therapeutic efficacy. The current report details certain minimal standards, use of which was found to be necessary to generate the requisite specificity, sensitivity and reproducibility to discover biomarkers. Results revealed that a multiplex system could be operated with high analyte specificity, adequate detection sensitivity and sufficiently broad dynamic range to capture expression differences across diverse disease and therapeutic areas.
Methods
Slide Manufacture Glass inspection
Raw soda-lime glass slides (1" × 3") prepared with a Teflon mask configured to provide 16 individual sample wells and an etched barcode for traceability were subjected to visual inspection to identify imperfections that might translate into printing and/or scanning artifacts. Slides with scratches, surface contamination or defects in the applied Teflon mask were identified through a visual examination using a long wavelength inspection lamp equipped with a 532 nm filter. The inspection also failed slides that did not meet stringent dimensional specifications, required for downstream printing and automated assay conditions.
Surface activation
Slides passing the visual inspection were silanized with 3cyanopropyltriethoxysilane according to procedures previously described [17] . Measurements of water contact angle were taken at six discrete locations across the slide surface over a 2% batch sampling to evaluate the uniformity of the applied surface. Since the mean value of contact angle measurements can be influenced by external factors, the deviation in measurements within a batch was also evaluated as an indicator of surface uniformity. Slide batches achieving a mean contact angle value of 52 ± 5 degrees and an average standard deviation of less than 3 degrees were considered suitable for printing.
Printing arrays
Capture antibodies prepared as previously described [11] were printed onto coated slides using a PerkinElmer Spo-tArray Enterprise piezoelectric, non-contact arrayer housed in a class 10,000 controlled access cleanroom. Quadruplicate spots of ~350pL of each capture antibody were applied to each of the 16 wells within a slide generating 256 printed elements per well, 4096 spots per slide and 108 slides per print batch.
Controls
Printed features
Each printed array contained 256 spots representing 64 individual elements printed in quadruplicate. Each array contained 25-40 capture antibodies spread across production chips 1-6, generating a panel of 170 survey analytes. The balance of the elements was reserved for internal assay controls. Each printed array contained multiple copies of an element called BLANK, containing the components used in capture antibody preparation. Blanks were used to survey non-specific sample background within each well. Other printed controls included a series of biotinylated mouse IgG calibration standards to monitor RCA signal amplification and a third control that acted as a monitor for spot contamination resulting from carry-over between sequentially printed features.
15-point standard titration calibrators
Preparations of standardized multiplex analyte titration series were manufactured using recombinant analytes diluted in buffer that covered the range from 12 pg/mL up to 81 ng/mL at 14 discrete points along with two zero analyte buffer blanks. These titration points were distributed among the sixteen available wells on a slide (Figure 1) . The standard titrations, designed to overlap the linear range of detection for each individual analyte, were used to generate standard curves from which sample analyte concentrations were determined. The standardized titrations were utilized in both the quality control testing performed on each print lot prior to release, as well as within each client project to verify real-time analyte performance. Six replicates for each point were run in the quality control testing of each slide lot and three replicates of each point were run within each client study to generate standard curves.
Anchor point calibrators
The three replicates tested for each study sample were positioned across different slides to avoid slide specific signal bias. Four of the fifteen standard titration points identified as "anchor" points were run across four wells of each sample slide to allow for data normalization of the replicates. The four specific points selected for each array were intended to capture the linear range of detection across the dose response curves for the individual panels of analytes. The remaining 12 wells of the slide were reserved for study samples.
Slide Qualification Microscopic Examination
Microscopic inspection of printed spots was performed on a 10% sampling of slides within each print batch. Slide selection was biased to interrogate slides located at critical positions on the arrayer deck, reflecting the beginning, middle and end of the print run. Printed slides were examined under a light microscope to evaluate spot positioning, morphology and print grid alignment within each well. Print lots demonstrating features with poor spot morphology, missing spots or misaligned features were not released for use.
Positional confirmation
Slides were subject to a full assay function test to confirm the proper location of the printed capture antibodies.
Each printed slide lot was tested to confirm the position of the individual feature by spiking in purified analytes in groups of 1-3 per well at a fixed analyte concentration, and performing the full RCA assay to confirm signal at the appropriate printed location. Slide lots revealing signals in inappropriate locations, printing defects or missing signals failed the positional QC test and were not released for use. 
Performance assessment
Assay
Assay Automation
The manual RCA microarray immunoassay reported previously was modified to optimize performance on an automated platform (Protedyne BioCube). Manual immersion washes were substituted with pipette delivered solutions finely tuned to control pipette tip aspiration and delivery position above printed slide wells and to carefully control liquid application and aspiration speeds to minimize disruption to the assembled immunosandwich complex. Incubation times were increased from 30 to 45 minutes for two of the assay steps (RCA signal amplification and detector incubation) and the number and volume of washes between steps increased from 2 to 4-5 and from 20 uL to 30 uL respectively. A Tecan LS200 unit was used to scan the slides. Microarray images were quantified using image capture software (ImageGrabber) developed in-house.
Clinical Samples
Sample procurement/processing Frozen serum samples from over 800 clinical patients were thawed, centrifuged to remove particulate matter and mixed with 0.25 mg/ml Heteroblock (Omega), 0.25 mg/ml IIR (Bioreclamation) and 0.1% Tween-20 prior to the assay. Twenty microliters of serum was applied to each well.
Data processing
Outlier removal Data points producing outlier events as a result of missing spots, spots with poor morphology, or printed features demonstrating high pixel outliers were removed using a combination of automated and manual methods. MvA plots, were generated by plotting the difference of the log intensities (M=log 2 (Rep1/Rep2) versus the average of the log intensities (A=log 2 ((Rep1*Rep2))/2) for each of the replicates across all analytes. Patterns were visualized using fitted curves from robust local regression with applied visual cues to identify a 99% confidence interval. All outliers in the MvA plot outside of the interval (having a p-value < 0.01) were automatically removed from analysis. The MvA scatter plots also allowed the user to highlight subsets of points on the plot and investigate patterns of intensity differences observed between replicate values. In cases where redaction of an entire replicate (comprised of 4 individual spots) was too stringent, individual spots could be removed using an in-house developed software tool (Terminator) to visually inspect aberrant data points. Data redaction using this method was performed on a limited basis to remove individual spot outliers with poor circularity, non-uniform pixel intensity or missing spots. 
Sample replicate correlation QC
Data Normalization
Individual sample values were normalized using linear regression of the anchor points run across 4 wells of each sample slide to reduce assay imprecision observed among replicates. A four-point standard titration was run on every slide for normalization and quality control purposes. Fluorescence intensities of the four spot replicates for each analyte within a well were averaged on a logarithmic (base two) scale to generate within-slide titration curves. Linear regression coefficients (slope and intercept) were calculated between individual titration curves from each slide to generate an "average" titration curve. Calculated slope and intercept were used to transform averaged analyte values for each sample well. Data normalization was performed on the data set after outlier removal.
Precision assessment
A standardized precision assessment was performed on each run to monitor assay performance with respect to; within well variation (based on mean coefficient of variation (CV) observed between quadruplicate printed spots for all features across all sample wells of a project) and between-slide variation (reflecting the average CV observed between all sample replicates across all samples in a study). The mean and median CVs with standard deviations were also metrics included in the precision assessment. The precision assessment was performed as a quality control using the 15-point titration calibrators to qualify new slide lots and generate quality metrics for each client project.
LLQ/ULQ determinations
Mean fluorescent intensity (MFI) values, on a logarithmic scale, from the 3 replicate measurements of the 15 point standard titration series were used to generate precision profiles to define the upper and lower limit of quantitation (ULQ, LLQ) within a predefined concentration CV [18] . To do this, a dose-response curve was fitted to the 15-point calibrators using 4-paramter logistic curve fitting procedures. The MFI standard deviation (SD) of the triplicate measurements was converted to concentration SD for the 15 concentration units by dividing by the slope of the dose-response at each concentration point. The conversion provides the relative SD or %CV as a function of analyte concentration to define the precision of the assay for each analyte throughout the working range.
Variance decomposition analysis
The VARCOMP procedure of SAS (SAS Institute), was used to obtain estimates of the variance components in a mixed model. The fixed effect variable represents variance observed in different groups in the study, for example groups of healthy versus diseased individuals. Random effects were represented by unique sample identifiers nested within levels of a fixed variable. This component of variance represented within-group differences associated with patient-to-patient variability or disease heterogeneity. The residual variance represented the platform error.
New Array Validation
Establishing analyte sensitivity Assay sensitivity was determined in two series of experiments. Initial testing to identify analyte cross-reactivity was performed in a configuration where all printed capture antibodies are surveyed in a "1 × n" format, representing a single recombinant analyte tested against all (n) detectors across multiple matrices (serum, heparin plasma, citrate plasma, EDTA plasma and buffer). Capture antibodies that revealed binding to non-cognate antigens were removed or replaced with suitable alternatives. Analytes that demonstrated low signal across all matrices were removed. If signals were low in buffer, a comparison was made with signals obtained in serum or plasma to determine if the endogenous analyte level was detectable and determine if depressed signals were due to analyte instability in a non-biological matrix. Assessment of analyte endogenous level was performed using a "0 × n" format where unadulterated serum and plasma (heparin, citrate, EDTA) are assayed with the full complement of detector antibodies for a given array.
Evaluating cross reaction
Two conditions were examined to study potential crossreactivity between the complex detector antibody mixture and the immobilized capture analyte. The first condition included a 1 × (n-1) format in which 1 analyte was tested in the presence of all detectors minus the detector antibody specific to the added analyte (n-1). In the case of an array containing 40 printed features, 40 unique detector antibody cocktails are prepared containing 39 of the detector antibodies found in the complex mix, with each mix containing all but one of the 40 corresponding detectors. The 40 individual reaction mixes are added to specific arrays after the arrays were incubated with the antigen corresponding to the missing detector. The second condition represented the 0 × (n-1) format where no analyte was added in the presence of all detectors minus the detector specific to the analyte under examination. In each case the analytes were spiked in buffer, serum, and plasma (heparin, citrate, EDTA) at a fixed analyte concentration of 50 ng/ml.
Stress testing
Single analyte titrations were prepared in buffer, serum and plasma (heparin, citrate, EDTA) to assign a minimum detection limit (MDL) for each analyte based on a 95% confidence interval above background. The format of the experiments included an n × n design, where all analytes were run in the presence of all detectors. Then, using a 1 × n format, where only one antigen was added to an assay containing all detectors (n), each analyte was tested at 0X, 10X, 50X, and 100X MDL across the same test matrices to identify non-cognate cross-reaction under high analyte load. Additional antigen titration experiments were run to compare the performance achieved in the presence of a single antigen (1 × n) to one in which all analytes were present (n × n).
